Octopus laqueus is a small tropical octopus found in Okinawa, Japan and the greater Indo-Pacific. Octopus are often viewed as solitary animals but O. laqueus live in close proximity in the wild, and will potentially encounter one another on a regular basis, raising the possibility of sociality in the species. To test for social tolerance and social repulsion in O. laqueus, animals were kept in communal tanks, and the number of dens and sex composition was varied per tank, with a set mixture of sizes and with den occupancy tracked per individual. We found that O. laqueus will socially tolerate other individuals by sharing tanks and dens, including several animals in contact and sharing a den under den-limited conditions, and with typically no loss to cannibalism or escape.
Introduction

1
Octopus are traditionally viewed as solitary animals that do not form social 2 aggregations, have relatively few and simple reciprocal interactions, and rarely make 3 physical contact outside aggression and mating [1] [2] [3] [4] [5] [6] [7] . Further, species are known to be 4 cannibalistic in the laboratory and in the field [8] [9] [10] [11] . However, recent studies [12] [13] [14] 5 suggest that classifying octopus as merely asocial is overly simplistic. Here and 6 elsewhere in the descriptive sections of this manuscript, we adopt the conventional 7 nomenclature of the field; however, definitions and conventions are not universally 8 shared even within the field, and the predictive value of this nomenclature is unresolved.
9
Our aim is to investigate functional and predictive -as opposed to descriptive -10 characterizations of "sociality;" such a characterization is proposed in materials and 11 methods, and may not necessarily correspond directly to customary notions of sociality. 12 'Asocial'animals by definition reject or lack the capability for social interaction; they 13 are non-interacting, typically ignoring one another. In contrast, some species of octopus 14 show localized aggregated distributions with moderate to high densities, depending on and visual signaling by body color and patterning, do exist. Social tolerance in dense 23 group cultures in lab has also been reported. It was found [22, 23] , that many animals 24 occupying a single large tank tolerate one another as long as they are well fed and there 25 is not a large size difference between tank mates -a rule of thumb that seems to hold 26 for many octopuses and cephalopods. 27 Octopuses that are largely solitary and asocial in the field can form dominance 28 hierarchies in the lab. A shift from solitary to hierarchical social structure in the lab 29 suggests that sociality may be a plastic trait in octopuses, one that is flexible or 30 dependent on the conditions at hand, including population density [24] [25] [26] . The 31 transition from solitary to hierarchical structure, together with the ability to potentially 32 recognize individuals, can be explained in terms of the "dear enemy phenomenon" [27] . 33 Octopus laqueus is a small shallow-water tropical species. It is common in sand, reef 34 rubble, and reef habitats in Okinawa, Japan, and is likely distributed more generally in 35 the tropical Indo-Pacific [2, 28] . Animals are common in holes or dens in the sand and 36 reef rubble (Fig 1a) (S1 Video) that were within a few meters or less of one another, 37 suggesting that a given individual is likely to encounter multiple other individuals on a 38 given night of foraging and hunting. The abundance and proximity of O. laqueus in the 39 field raised the possibility that it is a social octopus, leading us to ask the specific 
Methods
45
Ethical considerations
46
The research adhered to ASAB/ABS Guidelines for the Use of Animals in Research, in 47 addition to legal and institutional requirements in Japan and the United States. when found outside the den, with up to fifty animals collected at a time and placed in a 68 few small buckets with seawater during collection (Fig 1a) . Experiments were not 69 initiated until several days after collection and the onset of feeding to allow acclimation 70 to the laboratory environment. pots were scored for animals three hours after the start of the light cycle (Fig 1d) .
114
Individuals were identified based on their elastomer tags when scoring clay pots for 115 animals. After scoring, the animals were moved to small individual containers (Critter 116
Keepers) with very small clay pots (5 cm tall) as dens, and the containers were returned 117 to the larger tanks. One hour prior to the dark cycle, the small containers were moved 118 to the bench top and two live or frozen shrimp or crab were added to each container.
119
The animals were then returned to the main tank after a few hours. This ensured each 120
animal was equally and adequately fed, and prevented fouling of the main tanks from 121 left-over food, which rotted quickly in the warm conditions. three medium-sized, and one small animal. Two replicates of all females (Table 1a) , all 128 males (Table 1b) , or an equal number of females and males ( were in dens or holes that were close enough for the animals to touch one another, and 145
it was possible that they were sharing a single den with multiple entrances (S1 Video). 146
The abundance and proximity of O. laqueus in the field raised the possibility that it is a 147 social octopus, leading us to ask the specific question, is O. laqueus tolerant of other 148 octopus under dense conditions in a shared tank or even den, and to design a series of 149 experiments to test this question.
150
To initially test if O. laqueus might be socially tolerant, ten or more octopus were 151 placed in ten-liter buckets over the course of collection in the field to see how they 152 reacted. Octopus were left in buckets for one to four hours and checked periodically.
153
They did not exhibit any obvious aggressive interactions beyond occasional color flashes 154 due to disturbances from researchers with flashlights and would often sit in contact with 155 one another. In addition, and in contrast to other species in the same habitat, like mom or her embryos, the male was moved to a separate tank the following day, and was 176 later euthanized for another experiment. The mom successfully cared for her embryos 177 through hatching (Fig 1f) and died of natural causes after five months. will share a den in the lab.
184
The daily pot occupancies, observed over 45 days, are shown in Tables 1-3 the clay pots, n 0 , so that in total P N i=0 n i = K.
189
Pot occupancy across 31 experiments having an equal number of octopus and pots Table 2 . Occupation numbers for mixed sexes, K = 6 animals in N = 6 pots (
Female occ. numbers Male occ. numbers Sharing #links Tank Day n 0 n 1 n 2 n 3 n 4 n 5 n 6 n 0 n 1 n 2 n 3 n 4 n 5 n 6 S d ff mm fm T2  1  1  1  1  0  1  2  5  0  1  3  T2  2  0  1  2  0  1  2  6  1  1  5  T2  3  1  1  1  0  1  2  5  0  1  3  T2  4  1  1  1  0  2  1  5  0  1  3  T2  5  1  0  2  0  2  1  5  1  1  2  T2  6  1  1  1  1  1  1  4  0  0  2  T2  7  0  1  2  0  1  2 zero octopus (Tables 1-2 ). The total number of sharing animals per day, Table 1b , and a single incident with n 0 6 = 0 in independent animals distributed among N jars, the probability of non-sharing would be 207
(Note that if, in addition, the animals can be viewed as identical and indistinguishable, this probability is reduced to (Table 3) .
226
The pot occupancies across all the experiments having more octopus than pots 227 (N < K) ranged from two to four animals in a pot (Table 3) , and the daily sharing 228 numbers ranged accordingly from four to six sharing animals per day. We found that, we found that n 0 = 0 occurred only twice (14.3%), n 0 = 1 occurred 11 times (78.6%), 234 and n 0 = 2 happened once (7.1%). Thus, overall, limiting dens increased the amount of 235 social sharing but, at the same time, forced some fraction of the animals to stay out of 236 the dens.
237
To further quantify the pot occupancies, we calculated the observed number of
The results, measured over the total of 45 days are presented in Tables 1-3 . The mean 240 number of links, averaged over M days for various densities of animals and mixtures of 241 sexes, are summarized in Table 4 . In the following we obtain a statistical description of pot occupancies. We employ the 244 standard statistical mechanics approach, in which distributions and correlations -such 245
as the probability distribution of sharing, P (S d ) are derived from a Hamiltonian under 246
the maximum entropy principle [32] . Maximum entropy then leads to the least 247 structured model that is still consistent with the empirical observations. Our model simplistic, but with readily achievable values of N , it could be misleading to try to fit a 255 more complex model.
256
For simplicity, let us start with the case of a single sex distribution. Assuming K identical (indistinguishable) animals distributed among N pots, any daily configuration 258 of animals is completely determined by specifying a set of occupation numbers:
The mean number of outsiders averaged over M days,n 0 = 1 M P M m=1 n 0 (m), and the 260 mean number of pair-interactions,¯ =
, are measured 261 experimentally (see Table 4 ). The probability distribution, P (ñ), that maximises the 262 entropy S[P ] ⌘ Pñ P (ñ) log P (ñ) under the empirical constraints (n 0 ,¯ ) is the
is the Hamiltonian and Z is the partition function, obtained by summing over all 
269
These parameters are found by imposing the conditions
so that empirical-averaging coincides with ensemble-averaging with respect to P (ñ).
271
Namely,
Alternatively, the parameters can be obtained by the maximum likelihood condition,
whereñ(m) {m = 1, 2, . . . , M} are the observed configurations, and 274 log P = (H + log Z). The error in estimating the parameters is then given by the
275
Gaussian fluctuation [35] (a.k.a. Fisher information matrix), evaluated at the maximum-likelihood solution (µ 0 , U 0 ):
For n 0 ⌘ 0, µ is traced out of Eq (3) (i.e., µ ! 1) so that the partition function is 278 independent of the chemical potential, Z = Z(U ). As a result, Eq (7) reduces to
The linear-response term on the RHS of (8) is related to the variance of by the 280 fluctuation-dissipation theorem [36] . Thus, h
281
Modeling equal number of octopus and pots
282
The total number of configurations for K identical animals occupying N pots is
where ⌘ 1 ifn 0 = 0 and zero otherwise (n 0 6 = 0 means that the animals can dwell 284 somewhere in the tank outside the pots. Combinatorically, this amounts to having an 285 additional available 'slot'). Referring to the first four rows in Table 4 Note that distinguishable animals would have assumed a total of N k = 46656 289 configurations which is also doable.
290
The partition function (more precisely, the free energy F ⌘ log Z ) as a function of 291 U is plotted in Fig 2. Therefore, given F (U ) and solving¯ = @F/@U [Eq (5)] for U , we 292 find that
293
U ff = 1.45 ± 0.38 , U mm = 4.14 ± 0.66 (10) As expected, in a non-mixed environment females are friendlier than males. However,
294
compared to neutral animals (U = 0) both sexes exhibit significant repulsive interaction. 295
The t-statistic for the difference between sexes is t = |4.14 1.45|/ p 0.38 2 + 0.66 2 = 3.52 (with a p-value= 0.002). These results are based 297 on combining two replicates consisting of a total of 10 measurements for each sex (see 298   Table 1 ). For males, since N 1 = K 1 = 6 and N 2 = K 2 = 5, the combined free energy for 299 two replicates is given the weighted average,
. In this 300
case, Eq (5) takes the form:
is the effective number of links. We computed the following quantities as a function of 302 the interaction parameter U (Fig 3) As a consistency check of the model, we've also calculated the average 306 sharing-number in terms of the canonical distribution P (ñ). Namely,
. We found that the average sharing numbers, Fig 4) , it follows that, for U  3 one 314 typically observes at least one pot with sharing animals, whereas for U > 3 sharing is 315 much suppressed. Also note that both values in (11) The full sharing distribution as a function of the interaction parameter, P S d (k|U ) 318 {k = 0, 2, . . . , K}, is shown in Fig 5 (for N = K = 6 ). We find that the non-sharing 319 probability P 0 ⌘ P S d (k = 0|U ), evaluated at the saddle points (10), is P Kullback-Leibler distance between the empirical sharing distribution,
, and the probability P S d (k|U ) calculated as a function 325 of U by using the distribution function P (ñ). We found (Fig 6) , that the KL-distance
] assumes its minimal value -respectively for females and males, 327 at U = (1.44, 4.34) which is again very close to the saddle points (10) . Remarkably, this 328 holds even though the number of observations, M = 10, is pretty small. In addition, the 329 one-parameter model H 1 (ñ) = (U/2) P i n i (n i 1) (resulting from Eq 3) by setting 330 µ ! 1) has the smaller AIC as compared other polynomial models (see Table 5 and The sharing distribution as a function of the interaction parameter, P S d (k|U ) {k = 0, 2, . . . , K} for K = 6 animals in N = 6 jars. (a) The probability of non-sharing (blue solid line) is 7% for females (red dot at U = 1.45) and for males 67% (blue dot at U = 4.14). For neutral animals the probability of non-sharing is 1.5% (green dot at U = 0). (b) Comparison of the sharing probability for females (red), males (blue) and neutral animals (green). The empirical probability, obtained by averaging of 10 days, is also shown for females (magenta) and males (cyan).
, between the empirical sharing distribution and the calculated sharing distribution as a function of U , for females (red) and males (blue). 
The maximum likelihood L is obtained, respectively, for U = 1.44, V = 0.98 and ! = (0.04, 1.63, 4.32). Here AIC= 2 log L + 2p + 2p(p + 1)/(M p 1), BIC= 2 log L + 2p log M , where p = (1, 2, 3 ) is the number of parameters and M = 10 is the numbers of measurements.
Modeling more octopus than pots
333
The model of Eq (3) can be easily extended for describing experiments with mixed 334 sex/species (as long as distinct species can share a spot without eating one another):
Here n configurations associated with mixed populations as in (13) is
where 
343
We first applied the extended model (13) to the case of mixed sexs with equal 344 number of animals and pots: we find that f = 0 and m = 1 (n f 0 = 1/11,n m 0 = 0). The number of configurations is 346 then ⌦ = 9 3 8 3 = 4704. Combining tanks #1 and #3, we also observed that¯ mm = 0 347 (males never shared pots with any other males for 11 days). Therefore, tracing out U mm 348 and solving @F/@µ = 1/11, @F/@U ff = 2/11, @F/@U fm = 8/11, we find that 349 µ = 2.30 ± 1.01 , U ff = 2.05 ± 0.79 , U fm = 0.77 ± 0.36 (15) The female-female interaction is consistent with the previous result [Eq (10) estimates in (15) are obtained, as in (7), by calculating the Gaussian fluctuation of the 354 free-energy at the maximum-likelihood solution. Thus, introducingx ⌘ (µ, U ff , U fm ),
Next, we considered the case of dense pots N = 2 < K f + K m = 6 For tank #4, On the other hand, in tank #2 the males look more social than females: 365 µ = 3.06 ± 1.55 , U ff = 4.02 ± 1.28 , U mm = 2.12 ± 1.16 , U fm = 0.01 ± 0.95 (18) This 'anomaly' can be traced back to a high degree of individual variety (it turns out that a certain large female, named 2RG, sits most of the time out of the pots and seems 367 to be extremely anti-social). into a single set of properly weighed parameters. Referring to Table 6 and combining 371 together the results of five different setups, (1+2), (3+4), (5+6), (7) and (8) [see also Eqs. (10), (15), (17), (18)], we find: empirical points (b, c), described by Eqs. (17) and (18) total lack of male-male sharing as seen in Table 2 . (see the levels of confidence in Fig 9) . 389 
where h x i x j i is the error-matrix in estimating the interaction-parameters, and h· · · i and setting x ⌘ µ/U , we find that for weak interaction ⇢ = x + 1/2. However, as U 408 increases (U ' 4⇡) the density crosses over to a staircase curve resembling the in the literature on sociality are rendered meaningless.
444
We studied the social tolerance of O. laqueus by measuring the den occupancy of contributed to writing the manuscript. 
